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Activation of RyR Clusters during a Calcium Spark in Cardiac Myocytes
Didier X.P. Brochet, W. Jonathan Lederer.
BioMET, Baltimore, MD, USA.
A Ca2þ gradient of over a thousand fold exists between the lumen of the sar-
coplasmic reticulum (SR) and the cytosol in heart cells. The diastolic cytosolic
Ca2þ is actively maintained at a very low level (around 100 nM) during
dynamic changes by several mechanisms, including the plasmalemmal Naþ/
Ca2þ exchanger, the sarcolemmal Ca2þ-ATPase, the SR Ca2þ-ATPase and
additional Ca2þ buffers present in the cytosol and in the SR. In cardiac myo-
cytes, a Ca2þ spark corresponds to a rapid and transient release of Ca2þ from
the SR resulting in a local change in cytosolic Ca2þ concentration. It is now
widely accepted that Ca2þ sparks constitute the fundamental events of cardiac
excitation-contraction (EC) coupling and therefore that depolarization of car-
diac myocytes underlies a [Ca2þ]i transient that is formed by the stochastic
summation of about ten thousand discrete sparks.
Spontaneous Ca2þ sparks from single Ca2þ release units usually remain local
and solitary despite the Ca2þ -induced Ca2þ -release (CICR) mechanism that
operates in ventricular myocytes. within a sarcomere, Ca2þ sparks tend to cen-
ter on the transverse tubules at the Z-disk of a sarcomere where the junctional
SR (jSR) is located. Clusters of RyR are found in the jSR spanning the ‘‘sub-
space’’ between the jSR and sarcolemmal membranes. Here, we will assess the
morphology or structure of Ca sparks (Brochet et al., 2011) and relate this mor-
phology to the organization of the clusters of RyRs in the jSR at the z-line.
These results provide an important new understanding of cardiac Ca2þ signal-
ing in health and disease.
Brochet DX, Xie W, Yang D, Cheng H & Lederer WJ. (2011). Quarky calcium
release in the heart. Circ Res108, 210-218.
2246-Pos Board B265
Analysis of Spark Versus Non-Spark Mediated SR Calcium Leak using
a Langevin Description of Stochastic Calcium Release
Xiao Wang1, Yan Hao2, Seth H. Weinberg1, Eric A. Sobie3,
Gregory D. Smith1.
1College of William and Mary, Williamsburg, VA, USA, 2Hobart and
William Smith Colleges, Geneva, NY, USA, 3Mount Sinai School of
Medicine, New York, NY, USA.
Markov chain models of the coupled gating of intracellular calcium channels
are used to study the stochastic dynamics of SR calcium release and whole
cell calcium homeostasis [see e.g., Hartman et al. AJP Heart Circ Physiol
299(6):H1996-2008, 2010]. However, the large number of channels per release
site (100-250) results in a combinatorial state space explosion that causes whole
cell models that enumerate the Markov chain state space to be computationally
intensive. We present an alternative Langevin formulation, i.e., a system of sto-
chastic ordinary differential equations, for the stochastic dynamics of calcium
release sites composed of many identical channels. The Langevin formulation
accurately reproduces the stationary distribution for the fraction of open chan-
nels determined from the corresponding Markov chain model and over a wide
range of parameters yields similar spark properties (e.g., the distribution of
spark amplitude and duration). We present a whole cell model of calcium ho-
meostasis that incorporates the Langevin description of stochastic calcium re-
lease by coupling the associated Fokker-Planck equation to concentration
balance equations for bulk myoplasmic and network SR calcium under the as-
sumption of rapid equilibration of diadic subspace and junctional SR calcium.
We found that myoplasmic and SR calcium increased both spark and non-spark
mediated SR calcium leak, consistent with a recent experimental study [Bovo et
al. J Physiol 589(24) 6039-6050, 2011]. Future work will investigate SR cal-
cium leak during intracellular calcium transients and extensions of this model-
ing approach.
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Simultaneous Measurement of Cytoplasmic and SR Calcium during
Modulation of Ryanodine Receptor Open Probability in Dog Ventricular
Myocytes
David J. Greensmith1, Gina L.J Galli1, Michael J. Morton2,
Christopher E. Pollard2, Andrew W. Trafford1, David A. Eisner1.
1Manchester University, Manchester, United Kingdom, 2AstraZeneca,
Macclesfield, United Kingdom.
We have previously found that, in rat ventricular myocytes, increasing ryano-
dine receptor open probability using low concentrations of caffeine had no
maintained effect on the amplitude of systolic Ca. On application of caffeine,
following an initial increase, systolic Ca returned to control levels in around
20 s and it was argued that this was due to a concurrent decrease in SR Ca.
In the present study, we sought to obtain direct evidence for the involvement
of a decrease of SR Ca in this transient response.SR Ca was measured directly with Mag-Fura-2. Application of 0.5 mM caf-
feine initially caused a 197 % increase in the amplitude of systolic Ca. This
was associated with a 874 % increase in the amplitude of SR Ca loss and
a 328 and 178 % increase in the rate of systolic cytoplasmic Ca removal and
SR Ca replenishment respectively. In sustained caffeine exposure, all these
parameters returned to levels comparable to control, typically within 1 - 2 beats.
During caffeine exposure, SR Ca content rapidly decreased within 1 - 2 beats to
a new steady state level. All measured parameters recovered to control levels
on removal of caffeine.
These data show, on RyR potentiation, following the initial increase, the sec-
ondary decrease of systolic Ca is due to a decrease in SR Ca.
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Pernicious Attrition and Inter-RyR2 CICR Current Control in Cardiac
Muscle
Dirk Gillespie, Michael Fill.
Rush University Medical Center, Chicago, IL, USA.
In cardiac muscle cells, ryanodine receptor (RyR) mediated Ca release from the
sarcoplasmic reticulum (SR) drives the contractile apparatus. Spontaneous
bouts of inter-RyR Ca induced Ca release (CICR) generate an elemental unit
of SR Ca release called a spark. Sparks are localized events that terminate
soon after they begin. The local control of sparks is not clearly understood, par-
ticularly the potential regulatory role that changes in single RyR Ca current
may play. We present a working scheme of inter-RyR CICR current control
of sparks and introduce a potential inter-RyR CICR termination mechanism
that we call pernicious attrition. This mechanism promotes sparks termination
because, as SR Ca2þ is depleted, unitary RyR Ca2þ current decreases and
therefore the probability of the current activating adjacent RyRs decreases.
This decrease in RyR activation causes RyRs that spontaneously closed
during the spark not to reopen. When enough RyRs fail to reopen, CICR cannot
be sustained and the spark terminates.
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Factors Influencing Ca2D Spark Refractoriness in Mouse
Eva Polakova1, Ardo Illaste2, Ernst Niggli2, Eric A. Sobie1.
1Mount Sinai School of Medicine, New York, NY, USA, 2University of Bern,
Bern, Switzerland.
In cardiac myocytes, Ca2þ sparks exhibit time-dependent refractoriness
such that it is difficult to trigger a second spark soon after an initial spark
has terminated. Recent studies in rat ventricular myocytes suggested that
spark amplitude recovery is controlled by local sarcoplasmic reticulum (SR)
refilling whereas refractoriness of Ca2þ spark triggering depends on both re-
filling and ryanodine receptor (RyR) sensitivity. Here we examined Ca2þ
spark refractoriness in mouse ventricular myocytes by exposing fluo-3 loaded
quiescent cells to 50 nM ryanodine, recording Ca2þ sparks with a confocal
microscope, and analyzing the repeated sparks that were produced at a limited
number of RyR clusters. The time constant of Ca2þ spark amplitude recovery
was 70-80 ms in mouse versus 90-100 ms in rat, suggesting slightly faster
SR refilling in mouse. Spark-to-spark delay histograms were similar in the
two species. Depending on the conditions, incubation of mouse myocytes
with Isoproterenol or the drug H89, an inhibitor of protein kinase A (PKA),
led to faster or slower Ca2þ spark amplitude recovery and shorter or longer
average spark-to-spark delays, respectively. Moreover, incubation with H89
caused a decrease in whole-cell Ca2þ transient amplitude, slower Ca2þ tran-
sient decay, and no apparent change in SR Ca2þ load, compared with control
conditions. Together these results suggest that relatively high levels of endog-
enous PKA activity may act to shorten Ca2þ spark refractoriness in mouse
ventricular myocytes.
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Spatio-Temporal Properties of IP3 Receptor-Mediated Ca Release in
Cardiac Myocytes
Felix Hohendanner, Lothar Blatter.
Rush University Chicago, Chicago, IL, USA.
In cardiac myocytes cytosolic Ca increase and subsequent cell contraction are
mainly determined by ryanodine receptor (RyR) mediated Ca release. However
atrial cells are also equipped with IP3 receptors (IP3Rs), a second type of Ca
release channels. We investigated IP3R-mediated Ca release events and their
subcellular spatio-temporal properties in single membrane-permeabilized
rabbit atrial myocytes. Local Ca release events were detected by confocal
microscopy (fluo-4, longitudinal line scan mode). Local IP3R-mediated Ca
release events were evoked by exposure to inositol-1,4,5-triphosphate (IP3)
in the presence of tetracaine to inhibit RyR-mediated Ca spark activity, and
could be inhibited by the IP3R blocker 2-APB. We classified IP3R-mediated
Ca release events as subsarcolemmal, perinuclear (events <5mm from
Tuesday, February 5, 2013 439asarcolemma or nuclear membranes), cytosolic (minimal distance to membranes
>5mm) or nuclear. Nuclear events were considered membrane associated when
occurring at a distance <1mm from the nuclear envelope or membranes of the
nucleoplasmic reticulum. With tetracaine the Ca spark frequency decreased to
0.750.3 (from 8.851.2 in control), whereas the frequency of events detected
after subsequent addition of IP3 increased to 2.951.3 (events/100mm/s).
Subsequent exposure to 2-APB reduced the frequency to 1.850.8. Compared
to Ca sparks, local Ca release events in the presence of IP3 were lower in
amplitude, prolonged in duration and had a slower rise time. The increase in
frequency of local Ca release events was particularly pronounced in the
perinucler regions compared to the cytosol or the subsarcolemmal space.
Furthermore, IP3-mediated Ca release events could also be detected within
the nucleus. These nuclear events occurred at a higher incidence at locations
that were closely associated with membrane structures of the nuclear envelope
or the nucleoplasmic reticulum. In conclusion, in atrial myocytes IP3R-
mediated Ca release is spatially inhomogeneous and preferentially occurs in
the nuclear and perinuclear regions.
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An Integrated Gating Function of Cardiac Ca2D Release Flux from a
Cluster of SR-Ca2D Channels
Kazi T. Haq1, Henk E.D.J. ter Keurs2, Bruno D. Stuyvers1,
Sharene D. Bungay1.
1Memorial University of Newfoundland, St. John’s, NL, Canada, 2University
of Calgary, Calgary, AB, Canada.
Background: In cardiac cells, sarcoplasmic reticulum (SR) Ca2þ-channels
(RyRs) are regrouped into clusters, so-called Ca2þ-release units (CRUs).
Dynamic regulation of the individual RyRs in the cluster determines the char-
acteristics of the SR-Ca2þ-efflux during cell activation. The Ca2þ-sensitivity
of the channel plays a central role in this regulation. However, technical
limitations make it difficult to directly assess the mechanism underlying
the Ca2þ-sensitivity of SR-Ca2þ-release in the micro-domain of a CRU.
Thus, mathematical models simulating intracellular Ca2þ activities, such as
Ca2þ sparks and waves, incorporate a Ca2þ-release function which approxi-
mates or, frequently, omits the regulation in the cluster micro-domain.
Moreover, using nano-scale components (such as realistic spacing between
RyRs in a CRU) in a micro-scale computational domain intending to repro-
duce the cell geometry requires massive computational resources. Method:
To overcome both experimental and computational limitations, we developed
a time-dependent Ca2þ-release function that addresses activation and termina-
tion of Ca2þ-release, mediated by dynamic regulatory mechanisms. This
function has been used in systems of ODEs and PDEs applied to cardiac
Purkinje cells (Pcells), which included other intracellular modulators of
Ca2þ transients, such as Ca2þ-buffers and Ca2þ-pumps. Results : Compared
to experimental data from Pcells, the Ca2þ-release function could predict
the instantaneous variation of Ca2þ-efflux from the CRU. Predicted values
for the activation threshold of [Ca2þ] at the cytosolic side for RyR2 and
RyR3 in Pcells were found to be 160 nM-190 nM and 105 nM-110 nM,
respectively. These results matched the experimental findings. Conclusion:
This function has been used successfully in 1D and 2D numerical models
of Ca2þ-sparks, waves and evoked-Ca2þ-transients in Pcells. This function
provides computational support to all modelling addressing the intracellular
Ca2þ-cycling in live muscle cells.
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Computational Evidence of Centripetal Propagating ‘‘Ca2D-Induced-
Ca2D-Release’’ in Stimulated Cardiac Purkinje Cells
Kazi T. Haq1, Rebecca Daniels1, Henk E.D.J. ter Keurs2,
Sharene D. Bungay3, Bruno D. Stuyvers1.
1Memorial University - Medicine, St John’s, NL, Canada, 2Libin
Cardiovascular Institute of Alberta, Calgary, AB, Canada, 3Memorial
University - Computer Sciences, St John’s, NL, Canada.
Rationale: Cai-variations in Purkinje cells (Pcells) can affect cardiac conduc-
tion by generating action potentials in Purkinje fibers thereby promoting ar-
rhythmias. The system underlying Cai-variations in Pcells is still unknown.
Upon stimulation, this system mediates Cai-elevation propagating from the
periphery to the cell centre (Fig.1A). Ca2þ-diffusion from initial Ca2þ-release
by the peripheral endoplasmic reticulum (ER) could explain this centripetal
Ca2þ-propagation (CCP). Alternatively, study of Pcells suggest a consecutive
‘‘Ca2þ-induced-Ca2þ-release’’ (CICR) from 3 adjacent ER regions expressing
distinct Ca2þ-channels. To determine whetherCCP is mediated by diffusion
only or ‘‘CICR-diffusion-CICR’’, a system of nonlinear parabolic partial
differential equations was developed to simulate Ca2þ-dynamics in a 2D
rectangular array comprising 3 adjacent Ca2þ-release regions R1, R2, R3
(Fig.1B.b). Simulated CCP was compared against CCP measured in stimulatedporcine Pcells. Results:The model accurately reproduced CCP (Fig.1) when
CICR was activated in R2 and R3. When CICR was off in R2 and/or R3 and
only Ca2þ-diffusion was considered, CCP
collapsed shortly after Ca2þ-release in
R1. Conclusion: our results are consistent
with a mechanism of consecutive ER-
Ca2þ-releases propagating centripetally
by CICR-diffusion-CICR. The intermedi-
ate region R2 appears to be a critical func-
tional link in the process.
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Synchronization of Ca2D Release in
Multicellular Cardiac Preparations
Jessica L. Slabaugh, Lucia Brunello, Sandor Gyorke, Paul M.L. Janssen.
The Ohio State University, Columbus, OH, USA.
Delayed afterdepolarizations (DADs) are frequently observed under conditions
that increase cellular and SR Ca2þ. The high Ca2þ can cause spontaneous SR
Ca2þ release and oscillations in the membrane potential and evoke spontaneous
action potentials in the myocytes, leading to arrhythmias. Since myocytes are
electrically coupled, any depolarization that arises in one myocyte would be
dampened due to dissipation of the current in the neighboring myocytes. It is
believed that some synchronization mechanism exists that synchronizes
DADs and action potentials in neighboring cells. In our current study, we are
interested in examining whether there is a synchronization mechanism for
the generation of triggered activity in multicellular cardiac preparations.
Trabeculae isolated from rat hearts were mounted on a modified confocal
microscope that was equipped with a force transducer. Trabeculae were loaded
with Rhod-2 AM and Ca2þ imaging was performed. Combination of caffeine
and isoproterenol were added to the perfusion to induce extra-systolic contrac-
tions (ESCs). Line scans were acquired and fluorescence emitted was expressed
as DF/F0. The addition of caffeine and isoproterenol show an increased inci-
dence of ESCs in our force experiments. The amplitude of these ESCs ranged
anywhere from 10% to 100% of the previous, stimulated contraction’s
amplitude. We hypothesize that many of these ESCs would likely result in
an afterdepolarization. In the Ca2þ experiments, we noticed that with the
addition of both caffeine and isoproterenol, we could visualize Ca2þ waves
in the multicellular preparation. While these Ca2þ waves were not always
present in every myocyte within the trabeculae initially, we were able to see
that Ca2þ waves can, indeed, synchronize in multiple cells within the muscles
over time. Therefore, these results suggest that intracellular, diastolic SR Ca2þ
release can become synchronized in a multicellular cardiac preparation.Lipid Signaling
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Improved Models of Short-Chain Phosphoinositide Efficacy on Ion
Channels
Marcus D. Collins, Carmen A. Ufret-Vincenty, Sharona E. Gordon.
University of Washington, Seattle, WA, USA.
In determining the efficacy of phosphoinositides on ion channels in inside-out
patches, we and others typically measure channel activity as a function of the
solution concentration of short-chain phosphoinositides such as di-C8-PI(4,5)
P2. However, channels are believed to bind phosphoinositides not from solu-
tion, but from the phosphoinositide lipids incorporated into the plasma mem-
brane. The extent to which different phosphoinositide lipids partition into
membranes is expected to vary widely depending on charge, chain length,
and head-group structure, such that the same solution concentration of different
phosphoinositides will produce very different concentrations in the plasma
membrane. We have previously shown that the polymodal ion channel
TRPV1 has a higher apparent affinity for di-C8-PI(4,5)P2 than for diC8-PI(4)
P. We re-examined this apparent PI(4,5)P2 selectivity using a model that incor-
porates an established description of phosphoinositides’ partition between so-
lution and the lipid membrane. We found that the data could not distinguish
between two very different interpretations: that the channel itself is activated
more easily by di-C8-PI(4,5)P2 than di-C8-PI(4)P; or that di-C8-PI(4,5)P2
and di-C8-PI(4)P are equally effective in activating TRPV1, but for a given
phosphoinositide lipid solution concentration, there is more di-C8-PI(4,5)P2
in the membrane than there would be di-C8-PI(4)P. We further tested our
model on a channel mutant that appears to invert the selectivity for di-C8-
PI(4,5)P2 and di-C8-PI(4)P. Our examples have wide ranging implications
for the interpretation of dose-response relations of any ligand that binds to lipid
membranes, especially when comparing the efficacy of different membrane
binding ligands.
